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Thelogarithmicftmctiononthelefthandsideofequation(14)
(whichisalsotheordinateforthecorrelationcurveof fig.8) isap-
plicableto theinternalheat-transferprocessinwhichthegasis in
equilibriumandthespecificheatisessenttdlyconstant.However,if
thespecificheatofthegaschangesappreciablyduringtheprocessof
coolingintheprobe,itisnecessarytotreattheprocessonthebasis
of enthalpydifferencesinsteadoftemperaturedifferences.Suchisthe
case,forexample,whenthemeasurementismadeina dissociatedgas.
Iftheenthalpyofthegasat station2 canbe determinedfYom
knowledgeof itscompositiona dtemperature,andiftheenthalpyofthe
gasatwallt~peratureTw isconstantalongthetubewall,thetexms
inthelogarithmicfunctioncanbe replacedby enthalpytermssothat
thecorrelationfunctionbeccmes
()
Ho - Hw
‘H2-HW
where
Ho stagnationenthalpy
H2 enthalpyofthegasattemperatureT2
Hw enthalpyofthegasat tubewalltemperature~
Thustheinstrmnentisusedtodeterminetotalstresmenthalpy,and
thetotaltemperaturemaythenbe determinedfromenthal.pytables.
Therelationbetweenenthalwandtemperatureforvariousgasesin
equilibriumisgiveninreference6 and,inaddition,references8, 9,
and10.
8.Huff,VearlN.,Gordon,Sanford,andMorrell,VirginiaE.: General
MethodandThermodynamicTablesforComputationfEquilibriumCom-
positionandTemperatureofChemicalReactions.NACARep.1037,
1951. (SupersedesNACATN’s2U3 and2161.)
IssuedSeptember12,1960page1 of 2.pages
..
9.Hall,EldonW.,andWeber,RichardJ.: TablesandChartsforThermo-
dynamicCalculationsEmolvingAirsndFuelsContainingBoron,Cs.r-
bon,Hydrogen,andOxygen.NACARM E56B27,1956. ,
10.Moeckel,W.E.jandWeston,KennethC.: Compositiona dThermodynamic
PropertiesofAirinChemicalEquilibrium.NACATN 4265,1958.
IssuedSeptember1.2,1960page2 of 2 pages NASA-LandeyFfdf,Va.
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SUMMARY
An immersion-typepyrometerisdescribed
andGeorgeE. Gkwe
thatutilizesthecon-
trolledcool= of a continuouslyaspiratedsmzpleof thegaswhosetem-
perat~ istobemeasured.Thegasiscooledasitisdrmn through
a ttie,afterwhichitsteqeratureismeasuredwitha thezmmcouple.
Free-stresmtotsltemperatureisthenobtainedby a relationinvolving
internelheattransferinthetxibe,gasproperties,endcertainreaddly
measuredtemperaturesandpressures.A tecbmiqueisdescribedwhereby
calibrationconstsntsoblxlnedin siratnearroamtotaltemperatureare
usedto computethehigh-temperaturecorrelationsforotiergaseswith
knownpropertyvelues.
~rimental cmqmrisonin a high-tqeraturegasstreamw5.thther-
mcoqle probesandwitha pneumatic-pzmbepyrometershowedagreemnt
within2 percentof total_rature inthersmge2000°to 400@ R.
Thermocoupleprobesarethemostccmmn Immersion-typesensing
elementsusedtomeawrethetemperatureofhigh-velocityg-es. The
selectionoftheproperthermocoupled signfora givenapplicationpri-
marilyinvolvesccmqmomisesbetweenaccuracyendstructuralconsider-
tions. As thetqeraturesndvelocityof thegasstresmareincreased,
itbecomesnmredifficulttomeetthereqpi~ tsofmeasurementtswith
thermocoupleprobes.In fact,msmyqplicationsexceedthelimitsof
thermocoupled signs,evenwheredeliberateuseismadeofcontrolled
coolingof thethermco@e $unction(refs.1 and2). ~erefore,a
definiteneedexistsforothertypesof -don parameters.Twoex-
sqplesof suchtypesarethepneumaticprobe(refs.3 and4)andthe
cooled-tubepyrometer(ref.2).
Thecmled-gaspyzmnetereportedhereinintroducesanotherqproach;
namely,thecontrolledcooldmgof thegasbeforetakinga teqera,ture
measurementwitha thermcoqLe. TMs Is accomplishedby draxdngthe
.-
2hotgasthrougha tubewithcooledwalls.Thelossin
h reflectedby a dropIngastemperature.~The smunt
aturedropsisa functionoftheflowwithinthetube,
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energyofthegas
thatthetemper- ““ “----
gaapropertiesj ‘- -
tubegeon&my,endtubeWSXLtemperature.Therefore,”Iftheteqerature
ofthegasIsmeasuredafterithasbeencooled,endthegastqerature
dropcm be calculated,thenthefree-streamgastotaltemperaturecan
be determined.
Thisreportpresentsthetheoryoftiecooled-gaspyrometerslong
withe~erimentslresultsobtainedinbothrmm- andhigh-temperature
gasstreams.Room-temperaturecorrelationsweremadeina tdsl-
pressurerangefrcm0.1to 2.5atmospheres~.High-temperaturemeasure-
mentsrangedfrom20000to 4000°R withtotalpressurefrom0.8to1.S -
atmmspheres.AllmesaurementswereatmibsoticstremMachnunibers.
Thisworkispertoftheresesrchprogrsminhigh-temperaturemeasure:--
mentsbeingconductedattheNACALewislaboratory.
Consider
sketch:
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.
!l?maRY .-J
ConvectiveH atTremferina TUbe #-
an element oflengthof a lnibbe,s8*.pwninthefol&whg
~=
1 t-’ .-
Gas flOW ~
t
Tw
(All syibolsaredefinedinappendixA.)
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Sincetheheatlostby thegas is eq@l to the heattransferredto
thewall,
..----.——
h(% - ~)dx = - + Gcp~ (1)
If (Tb- ~) isrepresentedby theexpressionK(T- ~), where K and
~ areas-d Constsmt,then @i!b= K ~-, ande~UL3tiOn(1) csn be ‘
..—-
a
statedasfoUows:
b
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Skrto?l
;&=.
*
wlllbeLwmluawet,overaMlulted Reymld8mnberrange,the
Mmiberc-be ~eed 88MJ-oWO:
me vlacoal*
f%ledaa(~+
()-’4’’=’+
In Ref tibaaedon filmtempamture
T#. ThePm3ndtlDlmiberi.aassuuwd
(3)
Tf,WinchIsda-
tobecomtantmer
thefihn-tempaz+urerangewltldnthetd3e.Sinceboththecross-
sectionalemisaoftheinibemdthemass-flowratewltldnthetaibem
Conatarlt, theRaymldanul?txmWlthlnthetlibeVarleaonlybecal16eof
talewlacosi~. &e ~ mdber Ref wlthlnth tr&canbeex-
presseaa
M39
q - theI!31ibecdpt
& ()factorf Ref= ~
IntheStantonumberbeceaseof--d flow
md theeffectoftubecurvature.
c refemtothelocetdoll
equehlon(3)is imtmduced
of
to
Itwillbe aasmedthat
(4)
(5)
andifequatlom(3),(4),and(5)aremibstltutadInegpation(2),the
resultla
Since
T.TO at x= o
T.TC at X=2
(6)
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theintegrelformof eqyation(6)becomes
(7)
with ~=a - e where161ismuchsmellerthanla].Sincethe~andtl
nmbervariesonlyslightlyformostgases,itisdifficultto estsb-
lishthepowerof thePrandtlnmber ineqp.ation(7)by anycalibration
technique.Reference5 ina similarsituationsuggestsa valueof 2/3
for b. Thisvslueof b wLllbe assaed-,forthisinvestigation. ---
In eqpation
aturesInvolve&,
where ~ isen
viscosityof air
iousgasesfora
800°to 2300°R.
(7)itwillbe assuredthatovertherangeoftemper-
theviscosi@ IL canbe expressedas
(8)
arbitrsryreferenceviscositythatischosenasthe
at1000°R. Figure1 giyesthevalueof a forvar-
rengeofveluesof ~ overa teqeraturerange*
Themaximumabsoluterrorinthevalueof (v/&)al
betwe~t tabibztedinreference6 end._&atc~culatedby ~ &e-
cedlngequationis3 percent.
Theuseofthisrelationtoetim &/Kc)al ~ equation(7)
yields
—
.——
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Thesolutionof equation(9)is
()
‘o-%
‘T=-%=
.ej /
+ln(l+~)=$ c
~23 R+JJ#
wherethe approximationassumesI~[muchlessthan1, end
E
+ @(e* - 1)
-(+@)@@-‘)=
+ )-$ @e*
+E (lo)
.
ApplicationfTheorytoProbeDesign
Theterm E inequation(lo)accountsfortheeffectsofthevari*
tioningsatiscosityalongthetti fortheca8e ~ > ~. This term
cm be controlledto someextentbyprobedesign,becauseitsmsgnitude
isinfluencedby geomtry. It canslsobe seenthat,forthecssewhere
To approaches~, theviscosityvariationisnegligibleand E becomes
zero.In my case E mqybe treatedsaa comectionfactor,andthe
-r~ com~ationpm=ters em relatedby
O
%-% c
‘i~-a23
~1
(U)
Rec
Figure2 isa schematicdisgramof a cooled-gaspyrwleter.Thegas
is&awn intotheprobeat station1 andIscooledwhilepassingthrough
theinsidetubewhosewall.temperatureIsessentiallyconstant.At sta-
tion2 thegashasbeencooledsufficientlytoobtsdna messUrementof
temperature(T2)witha themmcou@elocatedinthecenterofthetube.
A taperedbodyisattachedto thethermocoupleshaftendactsasa flow
nozzlewhosemintiwareaistheflowpasssgebetweenthebodyandthe
tubewsU at station3. Thepressuredownstreamof thissection(meas-
uredby pressuretap P4) must be sufficientlyowtomaintaincritical
flowthroughthenozzle.
——
...—
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Thecorrelation equation shows that It is mmessary to evalude
Reynoldsnmher Rec titlletubeandgas-rature KC=etalm?asur- .
ingstationx = Z. Sttiion2 (fig.2)rerpssents- measq stk
tion in the probe. The Reynoldsmmibercsnbe
where D2 istbhside dlemteroftheinmr
expressed as
.
:
(12)
tub, W2 is thetiscos- !e
ityof gas at T2,end & 1st@mass-flow-~teofth6gastithetube.
.B!
Theream-flowrate~ is determinedbythefallowingrelationfor
Criticalflowtbrou@e mmle :
c#3P2imB—
T T2
where yend Mmevduated
hum flowareaofthemzsle.
Forthemke ofs~ theReyml@ miberComQation,itcm
be assmedthatthetotal-pressuredI’OPb * tllbeis - (p2“ po)J
d -~tk of Cd is* mcess~ s-e Cd is b t~ a -t-
ofReynolds*r. Withthose13iqkK@ng.LummQtions,ezdCombhing
egpations(n),(12),end(US),the%orking”equsrtiomoftheprobe
where
b
h
. -
--
.-
. .
(see ncmgrsm, *. 3) with ~ the arbitr=y reference viscosity,teken
asviscosityof-r atlCXXl”R, endwith RJ ~J M, end T evaluatedat
T2.
.
Fora givenprobedesign,theconstantendthequtity ~ meybe w
evel.uatedby calibratingtheprobewithair* nearrum teqperalmreif
.—
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log
IE@xnst
thecurvelrllldetenujmetha
theterm(cxP#). Thec~-
Ofthevskeof B?txttezuper-
- aeteminedfora gh?nprobe,
vaheof q sadtheinterceptwllllbe
StsntisthencalculatedWithlmowledge
atureT2. After ~ sultheconstamt
theprobecanthenbe usedforhigh-tcqwraturemsamrementsofother
gasesifthegasproper@valuesm -.
a factor
gssesin
Correctim tenu g is Ueflned in equation (lo)emufncluaes
a whichisdefinedinequation(8) tad evsil.wtedforcertdn
figure1. Ibr a probeqpllcation,
pal‘2-%
%
()
V2
T
()
%-%
Y“b ~
ThecorrectiontemE ispresent&lasafbctiOnof a,p,~ * in
figure4.
Otherfactorsthathavenotbeencqlicltl.yincludedineqwtion
(14)andthatwillintroducedeviationsfor the case (~ * TJ m:
(1) Critical-flov areaofthenozzle~ willdecreaseasthe&
peredinsertisheated.
.-
(2)
fmm gas
(3)
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?
The Tz tem onthe~t side& -@-gpdiau(14)wIU deviate
bulktesqperaturebecmueofa teqe~a@reprofYle. m-._ .- =
TheIndicatedteqerature K(!2
tlon error.
(4)TheViscoeity~ lldJJ.notbe
errorIn T2.
villbelowbecaueeofaradle+
equalto p= because of the
.:
Hawmsr,forthepro’kdesignhereinrepmte@eudfortherqngeoftests,
thesefactorswereofsmallmagnitudeorof.8cencdlingnature,60that
equation(14)representeda goodqpmdmski_m.Fm@mmre ~thesede-
viations~ oftenineignificentc~d to_theunceriSntiesh the -
-ledge ofgaspropertiesforhigh-teqerature~icat~.
.“
AppendixB presentsan endlyeisof thesedeviationsendincludes
tams thatcan& -led toeqmtim (14)@_ correctfor them, and a
s-e cekul.ation IS pm’esexltedh 4W* ..- I .
KEmRATm
A detailedrawingofthecooled-gas~ter is shown in figure
5. Thepyrtxweterconsistsof-e concent~c-8, thelargestube
havingenoutside‘dimeter ofl/2inch.Thehotgaspassesthro@ th6-
l/4-inchtube;cooldngwaterpassesthroughthetwoannull.Wt water
ispassednexttothel/4-inchtzibetominiiEzetheeffectof extei5u31
heat received by the outside Wbe. Spacing -@, sham In section A-A,
twelocsrtedintheennulitaensureunifomcross ectionsintheregion
ofthebend.Theinletnozzleismachinedfrm Inconelendhelierc.
weldedinplace;Thethermcowpleinserth~d centers~ Junctionas
wellasaervlngasa flm mzzle. !l%ecritical.-flousectionisa 13qu&
inscribedina circle,chosen.becauseoftheeeaeincantroUlnndimn-
SIOEM. A pressure tep locatidownptreemOXthe*IIIKJCOUPI.8mnibrs.
the presameatthedownetremu.sideofthec_fitical-flowsectionand
aho actbasa total-pressuretq whenthee@m3tim isshutoff.!lkee
probeswerebuiltandtestedtodet~ thereprodwibilityof this
deBign.
High-temperatureevaluationtestswem perfomed- thehlgh-
teqerat~ water-cooledtunneldescribedh reference2. Twotypekof-
the”mcoupleprobesendonepnematicteqeratureprobewereused,8s
Coaupariscm@dmumedt3“ OneprobeQpe was-aham--, croisflaw,-
platinm-rhodims,@atimnuthemmmuplewithawater-cooled~.
Radlatim,conduction,andredoverycorrectimsweree@.iedtoUs
confirmationby US* met@@saudvaluesfmm referencesI&r&d inti
bibliographyof reference2.‘-~.o~r tbe-~cO@.eprobewasa eonic-
aspimtedplatimm-rhodlm-@at* t- ~ describedinreference7.
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Thepneumaticprobe
s
erat~ intherange
exclusivelyinthersage
9
wasprimsri3yof Importanceinobtsiningtotal.
_ thatofthethermocouples.Itwasused
from36000to4W0°R. ThisprobeutiUzedthe
designsadoperationcriteriandn&hodsofcomputationpresentedin
referente 4.
In operatingrangeswheresllthreecomparisonprobescouldbe used
toobtaintotaltemperature,agreemmttowithin1.5percentof themean
temperatureof thethreeinstrumentswaaobtained.
Todeterminetheconstantsintheworkingequation(eq.(14)],room-
temperaturet stswereperfomd in a ~-inch-diametervariable-density
tunnel.Becauseof therelativelysmalldlf erencesbetweentotal,in-
dicated,andwater-coolsnttemperaturesintheroan-temperaturetests,
differentialtemperaturem asurementsinsteadof *solutemeasurements
weremade. Thetemperature-differenceterms(T.- Tw)~ (T2- ~)
appearinginthetemperaturecorrelationwerethusobt~ed d3rectly.
HmCEmRE Am REmLls
PreuminaxyTests
In theprocessof &velophg thecooled-gaapyrometer,severalpre-
liminarytestswereperformedtoverifyassumptionsandb fhd the
effectsofvsryingdesignandoperattonslfactors.Thesetestsandthe
resultsobtainederadiscussedinthissection.
Axial.locationof thermocouple.- Considerationsoftherelation
betweenT2 andgeepropertiesindicatedthatitisdesirdblethat T2
be large,sothektheuncertaintyinknowledgeofpropertyveluesbe--
comeslessimportant.However,atlargevaluesof T2,radiationerrors
associatedwiththethermocouplemustbe considered.Therefore,a ccm-
pramisemustbemadein selectingthedistancef?xmtheinletto station
2. Fortherangeof conditionsandprobedesign(fig.5)hereinreported,
a fixedlocationof ~ tfiedimetersfromtheinletwaschosenas a
compromise.Theaxialtemperatureprofilealongthecenterl.lneofthe
tubewasmeasuredby movingthethermocoupleinsert.FY.guxe6(a)shows
theresultof a *ical testofthistypeendinMcatesthesensitivity
to Sxielpositioning.
Radisllocationof thernmcouple.- At emaxislpositionof 60diam-
etersfromtheinlet,thethermocoupleJunctionwasdisplacedradially
fromthecenterline.Theresultsntradisltemperatureprofileinthe
tubeisshowninfigure6(b).
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Choiceof temperat~measurementt torepresent~ in correlation
~arqueter.-As presentedintheory,~ isthetemperitmreoftheInner
wallofthecenterl/4-inch-diemetertube..Assumingthatthetentper---
aturedropecrossthewdl ofthettieisWgligible,itIsreaaoneble
that ~ cenbe representedbymeasurementof coolentemperature.A
seriesoftestswasthereforeperformdinthehigh-temperaturerange,
andmeasurementsweremadeof cooling-waterinletandoutlettemperature
andoftenqeratureiseintheironerandoutercoollngannuli.These
testsindicatidthatthecoolsnt_rature riseintheinnerpassege
wassmallandcouldbe neglectedforcorrelationpurposes;thus,coolant-
inlettemperature~ couldbe usedtorepresent~.
Inoneoftheabove-nentionedt ststhenomml coolant-flowratewas
decreasedasmuchaspossiblewithoutdameghgtheprobe.Thecool=t
inletteqeratqreweafixed,andthecoolantemperatureisethrough
theprobeincreasedby a factorofthree.Duringthistimethetberm-
coupleinsertmeasurementT2 remainedcozistent,thu establishingthe
factthat,evenunderthemostmarginalcoolsntflaws,Tw wm.zldrepre-
sent ~ asa correlationparemeter.
--
Effectof aspirationrate.- & pretiazsl.yindicated,thisprobe
depenti_onsapirationforitsoperation@ Includesa critical-flow
sectionatstation3 (fig.2). ~is designfeaturewas~orporated“for
convenienceindetermidngthemass-flawrateandtheReynoldsnuniberin
theInnertaibe.It alsoconvenientlycontrolstheflowinthethe so
thatthecorrelationisindependentof ~-stresm Machnumber.Thisis
adwantsgeousbecauseinmany@cations onlyapproximatevsluesof-
flowconditions- 3mowm.
Theresultpof a testto establish@e effectof aspirationrate
onthethermocoupleinsertIndicationarepresentedinfigure6(c).A
pressureratioof srpproxhately0.5isrequiredtomahrktncritical
fluwatthenozzleportionofthethermocouplei~ert. It is seenfrom
thef@e thatatleastthiscriticalpre~s,ureatioshouldbemain-”
tained-acrosstheprobeto ensurea constantprobeindication.
An interestingresultisthatwiththeaspirationshutoff,the
thermocoupleT2 wiU indicate‘+. Thisleadsto a simplenmdeof
operation when using the probe in a hot gaa; that is) with the aspira-
tionoff,thethemnocouplein8ertwillyieldcooltng-watertemperature
~ endthe p4 tapwillmeasuretotalpressurePo. Then,tithaspira-
tionon,a measurementof T2 ~ completethemeasurementsrequired
toobtaintotaltemperature.No independentmeasurementsof cooling-
watertemperatureo;totelpressuretiefi-@ired
operate.ti probeb thismanner.These@larks
endsupersonicstreams,whereforthesu@isonic
totalpressurebehindthenormalshockformedby
if time isavsilzbleb
~= tibothsubsonic
a8e P
L
wouldbe the
thepro .
n
*
l!cm-- .—
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—
-
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. .._
—
—
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Pressuredropin Inibe. - To verifytheassumptionfnegligible
pressuredropwithinthel/4-inchtube,testswereperfomedatboth
ambient-sadhigh-temperaturecondttlonswitha total-pressuretubere-
placingtheth~couple insert.Withthesensingendofthetotal-
pressuretnibelocatedetthenormelaxialposition of the thermocouple
junction, a constant total-pressme loss of 4 percent of strem total
pI’eSSUr&WSS obtained. Because of the fact that the percentage pressure
&rop was constsnt, a correlation Reynoldsnuniber evshated at station 2
(fig.2)wasbasedon PO insteadof P2. Thissimplifiedtheprobe
design and operation in that it was not necessq to have an internal
total-pressure measurement at station2.
cooling-water flow rate. - Figure7 presentsvariationofwater-
flowratewithvsrlationofwaterpressuredropacrosstheprobe.About
1.6 gallons per minute are passed ktth a pressuredropof 50 poundsper
Squexeinch.
Final~StS
Usingtheresultsobt&ned- theprelimtrm?ytests,a cooled-
gaspyrometerwaetestedatbothsmbkntendhigh-eratures withthe
thermocouple@nctionlocated80taibediam=tersdownstreamoftheprobe
entrance.Room-taqeraturem aaurementsweremadela a totel-pressure
rsagefrom0.1to 2.5atmospheres.High-temperaturemeasurementsr nged
frcm200@ to 400@ R withthetoteLpressurerangingfrom0.8to1.5
atmospheres.Free-streamMachnumbersforallmessuz%mentsweresub-
sonicandrangedfrom0.1to1.0.
Thecorrelationfortheffialprobeconfigurationis shwwnInfig-
ure8,withtheabscissaplottedbothintermsofReynoldstier and
intermsofparametersInworkingequation(14)thatareproportional
toReynoldsnuniber.
Bothroom-andhigh-temperaturetestsareincludedin figure8,
with 35percentofthe118data@nts inthe200@ to 400@ R range. .
Forconvenience,twostrmt lines,computedby themethodof least
squares,havebeendrawnthroughthedata,withequslweightassigned
tobothroom-andhigh-temperaturepoints.Thedatafedlwithina band
of& percentin (To- ~), theprobablerrorof a singleobservation
beingQ percent.Theslopeof tiemdn portionof thecurveis -O.348;
~ove a Reynoldsmmiberof 27,000theslopeis -0.160.Thersmgeof
Reynoldsnwnberscovered- test- thecooled-gas”pyrometerisnotccau-
pleteenoughto establishtheslapeatluwerReynoldsnuuibers,butit
isresaondbleto assumethattheslope~ chmgewhenflowinsidethe
t*e iscaurpletdylsmi.nsr.Therefore,theextrapolationf figure8 to
lowerReynoldsnumbersis questionableb causeof theuncertaintyof the
trsmsitiontolminarflow.
.—
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Twootherpyrometers,madefromthessmedrawingasthatof figure
5,wereslsotested.Theresultsxepresentedasthedashedlinesof .
figure8. Althoughthecorrelationcurvesofthethreeprobessresti-
ihr inshapead intheirprobablerrors,theslows areslightlydif-
ferentandthecurvesredisplacedby amoUntsup to15percentof
(TO- TW). Geometryfactorsthatmayproducethesedifferencesare~
—
follows.:
(1)Differencesintubedfameter
j
(2)Variationintubedismetersndcross-sectionalshape
(3)Differencesinsizeandshapeofnozzleportionof thermocouple
insert
(4)VaryingsurfaceroughnessinsideLube .—
Fromtheseconsiderationsitwouldbe&ifficultifnot@racticsl
to controlthefabricationto thepointwhere
be obtainedbetweenprobes.Therefore,itis
correlationcurveby individualcalibration.
CONCLUDINGREMARKB
A pyrometerwhoseprincipleof operation
reproducibler s~tswould
advisabletoobtainthe
—
h
isbasedonmeasurements
—
ofthe;ontroUedcooli~of a
beendescribedandevsluated.
locsltemperaturem asurements
thermocouples.
continuouslyaspiratedssmpleofgashas
Suchaninstrumentisofuseinmskhg
abovethem:uslrsngeattributedto
—
Probecorrelationcurvesobtainedfrombothroom-temperatureand
high-temperatureevaluationsshowedagreemEntwithink2percent,which
wasthessmeastheorderof accuracyofthehigh-temperaturecomparison
instrumentsu edtoestablishstresmtotsLtemperature.
Theoperationoftheprobeisrelativ_+lys~le, andthecorrela-
tionisindependentoffree-stresmMachnu@er. However,theaccuracy
—
dependsdtrectlyontheknowledgeof gasproperties,andtheprobemust
initiallybe calibrated.In applicationswherethegaspropertiesare
notknownaccuratelyenoughto establishaccepts.bleabsolutemeasure-
ments,theinstrumentsmaystiIlbe usedfortemperatureprofile
measurements.
LewisFlightPropulsionLaboratory
NationslAdtisoryCommitteefor
Clevelsmd,Ohio,August8,
Aeronsut$cs
1958
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APPENDIXA
SYMBOLS
cross-sectionslflowarea
a constant
dischargecoefficient
specificheatatconstantpressure
insidedismeterof aspiratedtube
mass-flowrateperunitarea
convectiveh at-transfer
axialdistsmcefromtube
molecularweight
mass-flowrate
totslpressure
Prsmdtlnumber
staticpressure
universalgasconstant
Reynoldsnumber
internslReynoldsnumber
internal.Reynoldsnumber
Stantonumber
totalgastemperatureM
coefficient
inlettomeasuringstation
withviscosityevaluatedat T=
tithviscosityevaluatedat Tf
centerof tubeat anyaxislpositionx
gasbulktemperatureintube
gastemperatureticenterof
T+TW
gasfh temperature,2
tubeatmeasuringstationx = Z
14
TW
%
TO
7?~
x
T
w
Pc
IJf
&
P2
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temperatureof inletcoolingwater
temperatureof insidetubewall
totslgastemperatureoffreestrewn
gastemperatureincenteroftubeasindicatedby thermocouple
insertedatmeasuringstation2
axialdistancefromtubeentrance
ratioof specificheats
viscosity
viscosityevaluatedat Tc
viscosityevslluatedat Tf
referenceviscosity(airatlWX1°R)
viscosityevsluatedat T2
Probestationotation:
o freestresm
1 ttieentr=ce
2 Lnternalmeasuringstation
3 critice3-flowsection
4 pressure-tapposition
—
.
—
.
,-
1+
-E
8
.
.
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APPENDIXB
A
In
FACTORSCONTRIBUTINGTODEVINFIONSNOT
EXPLICITJ21WORKINGEQUATION
morerigoroustatementofequation(14)wouldbe
The
Tc when
junction
RadiationEffect
indicatedthermocouplet mperatureT2 willnotbe equslto
T2 > ~ becauseof a radiationlossfranthethermocouple
tothecoldwsll.s.A radiationcorrectionfactoren canbe
definedsuchthat J.L
Tc = T,(1+ ~) (B2)
ViscosityEffect
TheviscosityKc atthemeasuringstationshouldbe evshatedat
thecorrectedtemperatureTc fiste~of at T,. me visco~itYcomec-
tionfactore
~ willbe definedsothat
v== I@ + Q (B3)
Temperature-ProfileEff ct
ThetemperatureTc willnotrepresentbulktemperature~ when
a temperatureprofilexistsinthetube;therefore,a relationforthese
twotermsmustbe established.~US, =b wX12.be definedsothat
Whenthetaperedbody
thecriticsl-flowarea,hot
~ = Tc(l- @ (,A)
Nozzle-AreaEffect
thatformsthecriticsl-flowareaisheated,
~ wil.lbe lessthanthecritical-flow
area cold
% canbe
A3C;therelation
definedsothat
NACATN 4383
between=eas andthiscorrectionfactor
A3C
—=1+6=
‘m
Total Corrections
(B5)
Iftheprecedingcorrectionsaresubstitutedinequation(M), snd
—
the msgnifmd&Of ~, Ev) Gb> ~d en are assumedtobemuch-lessthan
1,theresultis
In
()
‘o-% .Cxpr
‘2 - ‘w
-2/3[f,M,,j-~(*~ x
EvaluationofCorrectionFactors
(B6)
Radiation.- Theradiationcorrectionfora spike-typethermocouple
isapproxtiatelyone-third greater thanthatfor a bare-wire crossflow
probe:
wherethegasis air.
Fortheprobedesignhereinreported,theMachrnnnberNM inthe
ttieisabout0.2,thewiredismeterd is0.020inch,andtheaverage
e?nittsnce~/IA oftheChromel-Alumelwirecanbe takenas0.75. b-bn
troducingthesevsluesintoequation(B?),()2.82~0.0087 ‘2—.% & 1000 4.()]Tw1- % (B8)
.
%
8;
.-
—
where
‘o is in atmospheres.
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b
- ForfulLydevelopedturbulentflow,reference8
. =%”~”expressionfortherelationbetweenbulktenmer-
simre C% sadthetemperatureinthecenterofthetabe Tc: “
(B9)
Substitutingthisequationintoequation(B4)ad solvingfor ~ give
%- Tw=om18T 2-%eb = 0.18~
c ‘2
(B1O)
when
when
Nozzleexpansion.- Therelationforthecriticsl-flowarea A=
thetaperedplugis atelevatedtemperatureT2 andthearea A=
theplugis atthecold-wallt~erature ~ isgivenby
A==A4-25@-)(T2-Tw~ (Bll)
where b isthecoefficientoflinearexpansionOrtheplugmaterisl.
Substitutingequation(B1l.)into(A2% ‘26 G- equation(B5)yields)1 (T2- q) (B12)
viscosity.- Sincetheviscositiesofmostgasesarefunctionsof
thegastemperatureto qproximatelythe0.7 power,EW msybe expressed
as
= 0.7
‘P % (B13)
.
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SAMEILECALCULATIONS
As anexample,assumethata temperature
in a flowsystemusinghigh-temperaturetir.
m asurementistobe made
Thecorrelationcurvefor
theprobetobe usedwi.11be representedby thelowercurveof figure8.
Thiscurvecsmbe identifiedby twostraightlines,overtherangeof
Reynoldsnurbershown,sothat —
—
RangeI Range11 k
Re2 6,000-27,00027,000-60,030
% 0.348 0.160
Intercept 1.57 1.045
Constat 1.24 ().825
wherethevalueof theconstant(eq.(14))isfoundfrom d
c = Interceptx Pr2/3
withthecorrelationgasPrandtlnuniberbeing0.7.
Theprimarymeasurementskenwiththeprobewillbe assumedtobe
asfollows:
P.= 1.5atm
% = 520°R
T2= 1620°R
ThepropertyvaluesofthegasattemperatureT2 are
T = 1.34
Pr= 0.70
M=29
P2= 0.815X10-6lb-sec/sqft
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Thefollowingcorrelationparameterssrethenevaluated:
.
f(M,y)fromnomogrm(fi$.3).. . . . . . . . . . . . . . . . . . 3.6
I.@r... o........ . . . . . . . . . . . . . . . . .. 1.36
where Vr is a referenceviscosity(tirat1000°R). Therefore,
Thisquantityisthe
whichcorrespondstothat
= 3.13
vslueoftheabscissaforthecurve(fig.8)
rangeof thecurvewhere
% = 0.348
c = 1.24
slopeisequalto ~, andtheconstantC istheprobecon-
theworkingequation(14)sothat()‘o - ‘w [1‘2/3x f(,,r)-al‘~=cxfi -%
% (1.24)(0.7)-2/3(3.6)-0”3&
(,.3;%i’’0”3*
= 1.055
Therefore, ()TO-TW =287r% “
To- 2.87(1620- 520)+ 520
= 3680°R
.
A morerigorousrelationforcalculatingTO appearsin appendix
. B, inwhichseverslfactorsreaddedtoequation(14)andappearas
correctionfactorsineqution(B6).
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4
Evaluationofthesetermsasappliedtothesamplecaseis ssfol-
lows: Fromequation(B8), L
= 0.0277
From(B1O),
‘b-0*’8t’2:~:20)
= 0.122
From(B12),
en = 2(7.0KIO-’)(2.75- 1)(1620- 520)
= 0.027
From(B13),
- 0.7
‘v %
s (().7)(0.()277)
Fromfigure1,
By definition,
a= 1.69KL0-4
_ 1620- 520
(1.36)0”3&
* I.loo
1.113
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+
Therefore,
.
c@= o.m7
g
= 1.055
previouslyevsluatedfromthegeneralworking
fromfigure4,
equation(14).Therefore,
E= -0.024
Substitutingthecalculatedvaluesinequation(B6)~elds
.
. Therefore,
()‘o-%ln~= L055{1.00}+0.041- 0.024
= 1.072
To-% 292
— =.
‘2 - ‘w
To= 2.92(1620- 520)+ 520
= 3730°R
Therefore,forthegivenssmplecomputationthedifferencebetween
a solutionusingequation(14)sndoneusingequation(I?6)wouldbe 1.3
percent.Thisdifferenceof1.3percent,hawever,shouldnotbe tsken
to implya smsllmsgnitudeinthetotslcorrectionforsll.cases.In
general,thesignificanttermsinthecorrectionfactirswillbe thelast
twotermsinequation(B6).
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